Duchenne muscular dystrophy (DMD), the most common lethal heritable childhood disease, is caused by mutations in the DMD gene that result in the absence of functional dystrophin protein. Exon skipping mediated by antisense oligonucleotides has recently emerged as an effective approach for the restoration of dystrophin, and skipping of exon 51 of DMD has received accelerated approval. Identifying antisense sequences that can provide the highest possible skipping efficiency is crucial for future clinical applications. Herein, we systematically tested two-step antisense oligonucleotide walks along human DMD exon 53 in order to define sequence-dependent effects of antisense oligonucleotide binding sites in human rhabdomyosarcoma cell lines. The first rough whole-exon 53 walk enabled the identification of a target region, and a second walk of this region was used to determine an optimal antisense oligonucleotide sequence (NS-065/NCNP-01) for exon 53 skipping. This oligonucleotide strongly promoted exon 53 skipping in a dose-dependent manner during pre-mRNA splicing in rhabdomyosarcoma and DMD patient-derived cells, and it restored dystrophin protein levels in patient-derived cells. NS-065/ NCNP-01, a phosphorodiamidate morpholino oligomer, appears to be a promising candidate for treating exon 53 skipping, and it is potentially applicable to 10.1% of patients with DMD.
INTRODUCTION
Duchenne muscular dystrophy (DMD) affects 4.78 per 100,000 males and is the most common muscular disorder. 1 It is a severe disease with onset in early childhood. Ambulation difficulty occurs in most cases by 12 years of age, leading to death in the late teens or early 20s owing to respiratory failure or cardiac dysfunction. However, significant research attention to respiratory care and various forms of assisted ventilation have extended the life expectancy to the late 20s and beyond. 2 Similar to Becker muscular dystrophy (BMD), DMD is an X-linked recessive allelic disorder caused by mutations in the DMD gene, which encodes the dystrophin protein. The symptoms of BMD are typically milder than those of DMD because, in BMD, the DMD gene reading frame is not disrupted by the mutation, allowing the expression of a partially functional dystrophin protein. A novel and promising approach to the treatment of DMD is that of exon skipping as mediated by antisense oligonucleotides (AONs), in which splicing is modified to restore the DMD gene reading frame, thereby inducing the expression of a partially functional BMD-type dystrophin protein. 3 Consequently, exon skipping is expected to cause the conversion of DMD symptoms to milder ones, similar to those of BMD.
The exon-skipping approach has been successfully tested in mice and dogs, and it is currently under clinical trial in patients with DMD. Given that different patients show different mutations in DMD, antisense nucleic acid therapeutic agents need to be specifically designed for each type of mutation. Exon 51 skipping is applicable to the largest proportion of patients with DMD. To date, two AON drugs for DMD exon 51 skipping have been developed. Drisapersen, a 2 0 -O-methyl phosphorothioate AON, and eteplirsen, a morpholino AON, have shown promising results in clinical trials, 4 and a new drug application (NDA) has been filed for each drug with the US Food and Drug Administration (FDA). 5 However, in January 2016, the FDA rejected the drisapersen NDA owing to insufficient clinical efficacy and concerns regarding its safety profile. 6 Moreover, in April 2016, the FDA expressed negative opinions on eteplirsen approval in the advisory committee. The FDA raised questions about the efficacy of eteplirsen and the appropriateness of its clinical study design. 7 However, eteplirsen received accelerated approval in September 2016 based on an increase in dystrophin levels in skeletal muscles observed in some patients treated with eteplirsen, making it the first and only FDA-approved drug for treating DMD. The clinical benefit of eteplirsen has not been established, and continued approval may be contingent upon verification of a clinical benefit in confirmatory trials. 8 Regardless of its limitations, the development and subsequent accelerated FDA approval of eteplirsen was a landmark event for DMD therapy. While the discussions during the regulatory review did not deny the concept of exon skipping, the importance of thorough evaluations of AON potency at an early stage of development was highlighted, including mRNA-skipping activity and the recovery effect of the dystrophin protein, which are the underlying mechanisms of exon-skipping therapy. Thus, we believe that new approaches in AON sequence design and evaluation are essential for the resultant AON development for DMD treatment.
Exon 53 skipping is applicable to patients with deletions in the DMD gene consisting of exons 45-52, 47-52, 48-52, 49-52, 50-52, or exon 52 alone. Approximately 10.1% of patients with DMD may be treated by exon 53 skipping. 9 To date, approximately 30 AONs for exon 53 skipping of the DMD gene have been reported. These sequences were designed on the basis of the results of in silico analyses for predicting RNA structure, 10-12 exonic splicing enhancers, 13 or hybridization. 12 Because these analyses are not by themselves adequate to predict the bioactivity of the designed AONs, empirical studies are still needed. 14, 15 Therefore, in this study, we performed a non-clinical pharmacology study of NS-065/NCNP-01, a phosphorodiamidate morpholino oligomer (PMO), in human rhabdomyosarcoma (RD) cells and DMD patient-derived cells. Based on the results of the present study, exon 53-skipping clinical trials for patients with DMD have begun.
RESULTS

Screening of Sequences Targeting Exon 53 of the Human DMD Gene
To determine the region of exon 53 in the human DMD gene associated with the highest skipping efficiency, exon 53 oligonucleotides were screened in two stages, and their exon-skipping activity was measured in RD cells ( Figure 1A ). In the first stage, 2 0 -O-methyl phosphorothioate oligonucleotides complementary to exon 53 were synthesized as an overlapping series of 38 25-nt oligomers. AONs of 25-31 nt are generally more effective at inducing exon skipping than are their shorter counterparts. 16 These oligomers provided coverage of this 212-nt exon in 5-nt increments from the 3 0 end to the 5 0 end (positions 1-210). The highest skipping efficiency (as defined in the Materials and Methods on RT-PCR) was observed for oligomers complementary to sequences between positions 31 and 65 of the exon (data not shown).
In the second stage, position and length were optimized by screening a series of 25 PMOs that were 15-25 nt in length and complementary to sequences between positions 31 and 65 (data not shown). The activity of the 15-nt oligomer was examined to investigate the lower limit of length that could be used, without decreased activity. This information is of interest because shorter AONs are advantageous in terms of the cost and time required for their production. Of these, NS-065/NCNP-01, a 21-mer complementary to the sequence between positions 36 and 56, displayed the highest level of exon 53 skipping.
NS-065/NCNP-01 demonstrated a half-maximal effective concentration (EC 50 ) of 8.6 mmol/L (95% confidence interval, 6.8-10.7 mmol/L; Figure 1B ). The sequence between positions 30 and 65 is also effective for h53A30/1 (PMO-G), which specifically targets the sequence from positions 30 to 59 and is a potential clinical trial reagent for the targeted skipping of exon 53 in the DMD gene. 14 The skipping activity of h53A30/1 demonstrated an EC 50 value of 26.7 mmol/L (95% confidence interval, 22.6-31.6 mmol/L; Figure 1B ). Thus, based on the EC 50 values, NS-065/NCNP-01 was three times as effective as h53A30/1 at inducing exon 53 skipping.
Effect of NS-065/NCNP-01 in Cells Derived from Patients with DMD
To verify the exon-skipping activity of NS-065/NCNP-01 in cells derived from patients with DMD, primary fibroblasts were obtained from two patients with DMD amenable to exon 53 skipping. After patient fibroblasts were transfected with the human MYOD gene to induce differentiation into myotubes, the myotubes were treated with NS-065/NCNP-01 in the presence of Endo-Porter as a delivery agent, and the effects of exon 53 skipping were measured by RT-PCR 2 days after the start of treatment (Figure 2A ). NS-065/ NCNP-01 induced exon 53 skipping in cells from a patient with a deletion of exons 45-52 (patient A) with an EC 50 value of 0.63 mmol/L (95% confidence interval, 0.53-0.74 mmol/L; Figure 2B ) and in cells from a patient with a deletion of exons 48-52 (patient B) with an EC 50 value of 2.3 mmol/L (95% confidence interval, 2.0-2.6 mmol/L; Figure 2B ). Dystrophin protein was detected by western blotting in cells from patient B (deletion of exons 48-52) after 3 days of treatment with NS-065/NCNP-01 at a final concentration of 10 mmol/L ( Figure 2C ).
Sustainability of Exon 53 Skipping
To investigate the sustainability of exon 53 skipping, NS-065/NCNP-01 was transfected into myotubes derived from fibroblasts from patient A (deletion of exons 45-52) with Endo-Porter over a period of 2 days, and exon 53 skipping was measured 1 week after the start of transfection. Specifically, NS-065/NCNP-01 was removed by replacement of the medium with NS-065/NCNP-01-free medium, and exon 53 skipping was measured by RT-PCR 1 week after the start of transfection and 5 days after the end of transfection ( Figure 3A) . The results demonstrated that exon 53 skipping was sustained for 1 week after the start of transfection; the efficiency of skipping was dose dependent with an EC 50 value of 0.82 mmol/L (95% confidence interval, 0.67-1.00 mmol/L; Figure 3B ).
Next, we tested (1) the sustainability of the exon-skipping activity of NS-065/NCNP-01 for 2 weeks, and (2) the cumulative effect of repeated treatments. NS-065/NCNP-01 at a final concentration of 10 mmol/L in Endo-Porter was used to transfect myotubes derived from fibroblasts from both patients, either once or twice over a period of 2 days ( Figure 3A ). The skipping efficiency in NS-065/NCNP-01transfected cells was substantially higher than that in cells not transfected with NS-065/NCNP-01 ( Figures 3C and 3D ). In cells from patient A (deletion of exons 45-52), the skipping efficiency was 82.7% at 1 week after the start of transfection and 75.6% at 2 weeks after the start of transfection ( Figure 3C ). When NS-065/NCNP-01 was used to transfect cells a second time 1 week after the start of the first transfection, the skipping efficiency at 1 week after the start of the second transfection was 89.4%. In cells from patient B (deletion of exons 48-52), the corresponding skipping efficiencies were 91.5%, 89.6%, and 93.1%, respectively ( Figure 3D ).
Thus, in cells from both patients, exon skipping was sustained for 2 weeks after a single transfection. Although exon skipping was slightly lower at 2 weeks after a single transfection compared to that at 1 week after a single transfection, exon skipping was slightly higher at 2 weeks after two transfections compared to that at 1 week after a single transfection.
Dystrophin Protein Expression after the Administration of NS-065/NCNP-01
Dystrophin protein expression was investigated in NS-065/NCNP-01-treated cells from patients with DMD. NS-065/NCNP-01 at a final concentration of 10 mmol/L in Endo-Porter was used to transfect cells derived from both patients, either once or twice over a period of 2 days. Western blotting clearly demonstrated that dystrophin was expressed in NS-065/NCNP-01-transfected cells and was either undetectable or barely detectable in cells that had not been treated with NS-065/NCNP-01 ( Figures 4A and 4C ). Densitometric analysis showed that, in cells derived from patient A (deletion of exons 45-52), dystrophin expression was 36.4% of that in normal human cells at 1 week after the start of transfection and 39.2% at 2 weeks after the start of transfection. Dystrophin expression 1 week after the second weekly transfection reached 87.1% of that in normal human cells (Figure 4B) . Similarly, in cells derived from patient B (deletion of exons 48-52), the corresponding percentages of dystrophin expression were 10.1%, 37.3%, and 55.0%, respectively ( Figure 4D ). Thus, dystrophin expression was induced by NS-065/NCNP-01, and the expression was sustained for 2 weeks after a single transfection, showing increased protein levels following a second transfection.
Sustainability of Exon 53 Skipping after Transfection for Short Incubation Times
To investigate the influence of the duration of incubation with NS-065/NCNP-01 on exon 53 skipping, NS-065/NCNP-01 was transfected into cells for periods of 1-48 hr ( Figure 5A ). When NS-065/ NCNP-01 was used to transfect cells derived from patient A (deletion of exons 45-52) at a final concentration of 10 mmol/L with Endo-Porter over periods of 1, 2, 4, 24, and 48 hr, the skipping efficiencies were 31.9%, 29.9%, 35.9%, 73.1%, and 83.1%, respectively, which were substantially higher than the skipping efficiencies observed in cells that had not been treated with NS-065/NCNP-01 ( Figure 5B ). Although the skipping efficiency was lower with shorter incubation times, exon skipping was nonetheless sustained for 1 week when the cells were transfected with NS-065/NCNP-01 for at least 1 hr.
DISCUSSION
In the present study, a series of AONs was synthesized to cover the entirety of exon 53 in the DMD gene, and the optimal sequence was selected by examining their exon 53-skipping activity in RD cells. Although RD cells are useful for determining the exon-skipping activity of AONs, they cannot be used to detect the restoration of the dystrophin protein, because the reading frame of the DMD gene is disrupted by exon 53 skipping. Therefore, exon 53-skipping activity and the consequent expression of dystrophin were subsequently determined for the candidate sequence in cells derived from patients with DMD amenable to exon 53 skipping. The optimal sequence inducing exon 53 skipping in RD cells was found to be that of NS-065/NCNP-01, which showed an adequate effect that could be sustained for 2 weeks at an efficiency of over 70% in DMD patientderived cells.
The AON h53A30/1 also induces exon 53 skipping strongly and persistently. 14 In the present study, the exon 53-skipping activity of NS-065/NCNP-01 was directly compared to that of h53A30/1 in RD cells, and NS-065/NCNP-01 was found to be three times as potent as h53A30/1 (i.e., a given activity level of NS-065/NCNP-01 was achieved at one-third of the concentration of h53A30/1 required to produce the same activity). Because NS-065/NCNP-01 is a 21-mer whereas h53A30/1 is a 30-mer, and because the concentrations used in the in vitro assay are given in molar terms (mmol/L), the dose of NS-065/NCNP-01 in mass terms (mg/kg body mass) required for a patient with DMD is correspondingly lower than the dose of h53A30/1 required due to the lower molecular mass of the 21-mer. This would be an advantage in the development of a new drug because the toxicity of a PMO is potentially reduced when the therapeutic dose is lower.
In addition, the influence of oligonucleotide length on bioactivity has been previously investigated. 14, 16 Popplewell et al. 14 reported that all tested h53A30/1 30-mers are more bioactive than their 25-mer counterparts, and, therefore, they concluded that AON length is the most important factor in determining bioactivity. However, in the current study, a 21-mer AON, NS-065/NCNP-01, was identified as exhibiting the highest skipping activity of all sequences tested, and it was also the shortest sequence tested.
In preclinical studies, various therapeutic effects have been observed for exon-skipping PMOs intravenously administered once a week to dystrophic mice 17, 18 and dogs. 19 In a clinical trial, eteplirsen was intravenously administered to a patient with DMD once a week, and it was found to restore dystrophin levels in the patient's muscles, which was associated with the maintenance of ambulatory function. 20 In the present study, the efficiency of exon 53 skipping induced by NS-065/NCNP-01 over a period of 1 week was investigated. The skip-ping efficiency was 82.7%-91.5%, and it showed only a slight decrease at 5 days following the removal of NS-065/NCNP-01. In cells from two patients with two different types of DMD amenable to exon 53 skipping, exon skipping was sustained for 2 weeks after transfection with NS-065/NCNP-01.
Furthermore, exon-skipping efficiency and dystrophin expression levels were compared under three sets of conditions: 2-week incubation and two transfections, 2-week incubation and one transfection, and 1-week incubation and one transfection. Cells from patient A showed a significant increase in exon-skipping efficiency with 2-week incubation and two transfections compared to that under the other conditions. Cells from patient B also showed an increase in exon-skipping efficiency with 2-week incubation and two transfections, although the increase was not significant. In cells from patient B, skipping efficiency was almost saturated under all three conditions. With regard to dystrophin protein levels, cells from both patients showed significant increases in protein expression with 2-week incubation and two transfections compared to that with 1-week incubation and one transfection. Given that exon skipping was sustained for at least 2 weeks, the production of dystrophin protein over this period was cumulative. This result is similar to the findings in mdx mice, where dystrophin protein expression induced by AON treatment was sustained for 2 weeks. 21 Overall, these results suggest that NS-065/NCNP-01 may have a therapeutic effect when injected once weekly.
PMOs are rapidly cleared from the plasma with half-lives ranging from 1 to 20 hr following intravenous injection. 20, 22 In the current study, to estimate the efficiency of exon 53 skipping in muscle cells exposed to NS-065/NCNP-01 for a short duration, cells derived from DMD patients were treated with NS-065/NCNP-01 for at least 1 hr. The results demonstrated that exon 53 skipping was sustained for 1 week at an efficiency of over 30%. PMOs for mouse exon 51 skip-ping, intravenously injected into mdx52 mice at a single dose of 320 mg/kg, showed a skipping efficiency of approximately 30% in the gastrocnemius muscle, and recovery of muscle function was observed with weekly recurrent injections at this dose over a period of 7 weeks. 18 Thus, an exon-skipping efficiency of 30% may be sufficient for a therapeutic effect.
Based on these findings, NS-065/NCNP-01 could be expected to show a similar exon-skipping efficiency and consequent therapeutic effect when intravenously administered to a patient with DMD over similar periods. Thus, we planned an investigator-initiated clinical trial of NS-065/NCNP-01, which was a phase I, open-label, dose-escalation study (ClinicalTrials.gov: NCT02081625). The primary endpoint of this clinical trial was safety, and the secondary endpoints were pharmacokinetics and efficacy. NS-065/NCNP-01 induced exon 53 skipping in dystrophin-encoding mRNA in a dose-dependent manner, and it significantly increased the dystrophin:spectrin ratio in some of the patients. No severe adverse drug reactions were observed, and no treatment discontinuation occurred. 23 On the basis of these results, NS-065/NCNP-01 is expected to exhibit therapeutic efficacy in DMD. NS-065/NCNP-01 is the first AON discovered in Japan to be granted a Fast Track Designation, Orphan Drug Designation, and Rare Pediatric Disease Designation by the FDA. A phase 2 clinical study (Clinical Trials.gov: NCT02740972) in the United States and a phase 1/2 study in Japan began recruitment in December 2016 and July 2016, respectively.
In conclusion, the induction of exon 53 skipping and dystrophin protein expression by transfection with NS-065/NCNP-01 was successfully demonstrated in cells derived from patients with DMD amenable to exon 53 skipping. Our results suggest that NS-065/ NCNP-01 is a highly promising exon 53-skipping candidate that is expected to show a high and sustainable therapeutic effect in clinical trials.
MATERIALS AND METHODS
Antisense Oligomers
2 0 -O-Methyl phosphorothioate oligonucleotides were purchased from Japan Bio Services (Saitama, Japan). PMOs were synthesized as previously described. 24 All-P-ambo-P,2 0 ,3 0 -trideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secocytidylyl-(5 0 /( 0 a)-P,3 0 -dideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secothymidylyl-(5 0 /( 0 a)-P,3 0 -dideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secothymidylyl-(5 0 /( 0 a)-P,2 0 , 3 0 -trideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secoguanylyl-(5 0 / ( 0 a)-P,3 0 -dideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secothymidylyl-(5 0 /( 0 a)-P,2 0 ,3 0 -trideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secoguanylyl-(5 0 /( 0 a)-P,2 0 ,3 0 -trideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secoguanylyl-(5 0 /( 0 a)-P,2 0 ,3 0 -trideoxy-P-dimethylamino-2 0 , 3 0 -imino-2 0 ,3 0 -secoadenylyl-(5 0 /( 0 a)-P,2 0 ,3 0 -trideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secoadenylyl-(5 0 /( 0 a)-P,2 0 ,3 0 -trideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secoguanylyl-(5 0 /( 0 a)-P,3 0 -dideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secothymidylyl-(5 0 /( 0 a)-P,2 0 , 3 0 -trideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secocytidylyl-(5 0 / ( 0 a)-P,3 0 -dideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secothymidylyl-(5 0 /( 0 a)-P,3 0 -dideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secothymidylyl-(5 0 /( 0 a)-P,2 0 ,3 0 -trideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0secoguanylyl-(5 0 /( 0 a)-P,2 0 ,3 0 -trideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secoguanylyl-(5 0 /( 0 a)-P,2 0 ,3 0 -trideoxy-P-dimethylamino-2 0 , 3 0 -imino-2 0 ,3 0 -secocytidylyl-(5 0 /( 0 a)-P,2 0 ,3 0 -trideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secocytidylyl-(5 0 /( 0 a)-P,3 0 -dideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secothymidylyl-(5 0 /( 0 a)-P,2 0 ,3 0 -trideoxy-P-dimethylamino-2 0 ,3 0 -imino-2 0 ,3 0 -secocytidylyl-(5 0 /( 0 a)-2 0 , 3 0 -dideoxy-2 0 ,3 0 -imino-2 0 ,3 0 -secocytidine was synthesized as NS-065/ NCNP-01.
Cells
This study was performed in accordance with the Declaration of Helsinki and was approved by the ethics committee of the National Center of Neurology and Psychiatry (approval 22-3-7) and the ethics committee of Nippon Shinyaku (approval A100901). RD cells were obtained from the Health Science Research Resources Bank and cultured under 5% CO 2 at 37 C in Eagle's minimum essential medium (Sigma-Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum. Fibroblasts from patients with DMD involving deletion of exons 45-52 or exons 48-52 of the DMD gene were prepared with informed consent from skin biopsies using the migration method. Specifically, each skin biopsy was minced, and four or five skin tissue fragments were placed on the bottom of a 10-cm 2 dish. DMEM/F-12 1:1 (Life Technologies, Carlsbad, CA, USA) containing 10% fetal bovine serum (Life Technologies) and 1% penicillin/streptomycin (Sigma-Aldrich) was added, and the skin pieces were allowed to adhere to the dish surface for 7 days under 5% CO 2 at 37 C. After 1 week of culture, cells began to appear around the skin pieces, and the medium was changed until the cell culture became confluent. The differentiation medium utilized was DMEM/F-12 1:1 containing 2% horse serum (Life Technologies), 1% penicillin/streptomycin, and insulin-transferrin-selenium liquid media supplement (Sigma-Aldrich). After transfection of the MYOD gene, fibroblasts were sorted by fluorescence-activated cell sorting and induced to differentiate into myotubes, as previously described. 25 Transfection of NS-065/NCNP-01 into Cells NS-065/NCNP-01 was dissolved in distilled water, and it was transfected into RD cells using the Amaxa cell line Nucleofector kit L and a Nucleofector II device (Lonza, Basel, Switzerland) with program T-030 or into cells from a patient with DMD using Endo-Porter Aqueous (Gene Tools, Philomath, OR, USA), according to the manufacturer's protocols.
RT-PCR
Total RNA was extracted from RD cells using Isogen (Nippon Gene, Tokyo, Japan) and from DMD patient-derived cells using a QIAshredder spin column (QIAGEN, Valencia, CA, USA) and an RNeasy mini kit (QIAGEN). RNA concentrations were determined by absorbance at 260 nm using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). RT-PCR was performed with 400 ng (RD cells) or 50 ng (DMD patient-derived cells) extracted total RNA using a QIAGEN OneStep RT-PCR Kit (QIAGEN). The primer sets are shown in Table S1 .
RT-PCR was performed using an RTC-100 thermocycler (MJ Research, Watertown, MA, USA) for RD cells or an iCycler (Bio-Rad, Hercules, CA, USA) for DMD patient-derived cells. The RT-PCR program for the RTC-100 thermocycler was as follows: reverse transcription at 50 C for 30 min and heat denaturation at 95 C for 15 min; 35 cycles of denaturation at 94 C for 30 s, annealing at 60 C for 30 s, and extension at 72 C for 1 min; followed by a final extension at 72 C for 10 min. The RT-PCR program for the iCycler was as follows: reverse transcription at 50 C for 30 min and heat denaturation at 95 C for 15 min; 35 cycles of denaturation at 94 C for 1 min, annealing at 60 C for 1 min, and extension at 72 C for 1 min; followed by a final extension at 72 C for 7 min. The PCR products were analyzed using a 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany) for RD cells or an Experion automated electrophoresis station (Bio-Rad) for DMD patient-derived cells. The skipping efficiency was determined from the following expression: (PCR products without exon 53) Â 100/([PCR products without exon 53] + [PCR products with exon 53]).
Western Blotting
Western blotting was performed on cell lysates (3 mg protein) as previously described. 24 The positive control consisted of normal dystrophin (427 kDa) from a cell lysate of myotubes differentiated from normal human fibroblasts (TIG-119) for 20 days. The amount of dystrophin without the segment corresponding to exons 45-53 (372 kDa) or the segment corresponding to exons 48-53 (390 kDa) was determined using an ImageQuant LAS 4000 mini imaging analyzer (FujiFilm, Tokyo, Japan). Protein levels (dystrophin expression) were determined as follows: (dystrophin expression level after exon 53 skipping [372 or 390 kDa]) Â 100/(dystrophin expression level of normal control [427 kDa] on the same membrane). Protein levels were normalized to the positive control of each western blotting membrane.
Statistical Analysis
All analyses were performed using SAS software (version [v.]9.1.3; SAS Institute, Cary, NC, USA) and EXSUS (v.7.7.1; CAC Exicare, Tokyo, Japan). EC 50 values and 95% confidence intervals were calculated by fitting the skipping-efficiency data to a logistic curve. Tukey's and Dunnett's multiple comparison tests were performed using a significance level of 0.05. Supplemental Information includes one table and can be found 
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